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depress locomotor rhythm generation.
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The episodic nature of locomotion is thought to be
controlled by descending inputs from the brainstem.
Most studies have largely attributed this control to
initiating excitatory signals, but little is known about
putative commands that may specifically determine
locomotor offset. To link identifiable brainstem pop-
ulations to a potential locomotor stop signal, we
used developmental genetics and considered a
discrete neuronal population in the reticular forma-
tion: the V2a neurons. We find that those neurons
constitute a major excitatory pathway to locomotor
areas of the ventral spinal cord. Selective activation
of V2a neurons of the rostral medulla stops ongoing
locomotor activity, owing to an inhibition of premotor
locomotor networks in the spinal cord. Moreover,
inactivation of such neurons decreases spontaneous
stopping in vivo. Therefore, the V2a ‘‘stop neurons’’
represent a glutamatergic descending pathway that
favors immobility and may thus help control the
episodic nature of locomotion.
INTRODUCTION
Locomotion is one of many motor acts that the brain controls. It
is a rhythmic and episodic behavior that is initiated and stopped
according to behavioral needs. The timing and sequence ofmus-
cle contractions underlying locomotion originate from neuronal
networks in the spinal cord called central pattern generators
(CPGs; Goulding, 2009; Grillner and Jessell, 2009; Kiehn,
2006). The command for locomotion is integrated in supraspinal
centers, which convey the initiating signal to the spinal cord
through excitatory reticulospinal neurons of the lower brainstem
(Dubuc et al., 2008; Grillner and Georgopoulos, 1996; Jordan
et al., 2008; Roberts et al., 2008; Ryczko and Dubuc, 2013). Ac-
tivity in these neurons is thought to provide the direct activation
signal for locomotor CPG networks in all vertebrates. In addition,
neural activity related to locomotion is observed in groups of re-
ticulospinal neurons (Deliagina et al., 2000; Drew et al., 1986),
suggesting that a sustained descending activity may determineCthe duration of the locomotor episode. Yet, other studies have
indicated that such initiating and maintenance signals may be
complemented by a dedicated stop command to allow for a pre-
cisely timed locomotor arrest according to behavioral needs. In
the Xenopus tadpole, head contact with obstacles activates
GABAergic descending pathways that immediately terminate
swimming (Perrins et al., 2002). Likewise, in the cat, electrical
stimulation of the rostral medullary and caudal pontine reticular
formations leads to a general motor inhibition (Mori, 1987; Taka-
kusaki et al., 2003).
Excitatory and inhibitory brainstem descending neurons are
largely intermingled in the reticular formation (Esposito et al.,
2014; Holstege, 1991), which have made it difficult to ascribe lo-
comotor initiating or terminating signals to defined cell popula-
tions with standard electrophysiological methods. More
recently, developmental genetics has allowed manipulating
discrete groups of reticular neurons in mice and addressing their
function in motor control (Bouvier et al., 2010; Esposito et al.,
2014). In zebrafish caudal-most brainstem V2a neurons, excit-
atory neurons defined by the expression of the transcription fac-
tor Chx10, have been shown to project to the spinal cord and to
participate in the initiation and maintenance of locomotion (Ki-
mura et al., 2013). In mouse, V2a neurons are found in the spinal
cord, where they play distinct roles in controlling locomotion (Al-
Mosawie et al., 2007; Crone et al., 2008; Crone et al., 2009;
Dougherty and Kiehn, 2010; Kiehn, 2011; Lundfald et al., 2007;
Zhong et al., 2010), and in the brainstem, where they send de-
scending axons to the spinal cord (Bretzner and Brownstone,
2013; Cepeda-Nieto et al., 2005). In mice, locomotor episodes
are associated with the expression of c-fos—a biochemical
correlate of increased firing—in brainstemV2a neurons (Bretzner
and Brownstone, 2013), but no direct link between their activa-
tion and locomotor initiation, maintenance, or termination has
thus far been described. Here, we functionally evaluate this
question in vitro and in vivo and identify a restricted contingent
of V2a neurons of the rostral medulla/caudal pons that, upon
activation, mediates an immediate arrest of ongoing locomotor
activity. V2a ‘‘stop neurons’’ gain their effect via excitatory de-
scending projections to the lumbar ventral spinal cord that may
in turn provide an indirect inhibition of the spinal premotor loco-
motor networks. Our findings thus identify an excitatory func-
tional pathway that favors immobility and thus helps control
the episodic nature of locomotion.ell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc. 1191
RESULTS
V2a Brainstem Neurons Project to the Lumbar Spinal
Cord and Are Excitatory
BrainstemV2a neuronswere shown to project to the cervical spi-
nal cord (Bretzner and Brownstone, 2013). We thus addressed
the possibility that their projections reach the lumbar spinal
cord, which contains the networks controlling hindlimb locomo-
tion (Kiehn, 2006). V2a neurons were made permanently detect-
able by crossing a Chx10::Cre mouse line (Azim et al., 2014),
which selectively drives Cre recombinase in Chx10+ neurons
(Figure S1), with conditional eYFP or Tdtomato lines (hereafter
calledChx10-reportermice). Bilateral injections of the retrograde
marker Cholera Toxin B (CTB) were targeted to the second lum-
bar (L2) spinal segment (Figure 1A). CTB+/Chx10-reporter
labeled neurons were detected throughout the medulla and
caudal pons and accounted for roughly half of ventrally located,
retrogradely labeled neurons. In particular, we considered the
fraction of reticulospinal neurons that are V2a at four representa-
tive levels (Figures 1B–1E): the caudal pons (caudal pontine
reticular nucleus, PnC: 48% ± 4%; n = 4 animals), the rostral
and caudal portion of the gigantocellularis nucleus (rGi: 44% ±
4% and cGi: 64% ± 2% respectively), and the reticular formation
of the caudal medulla (thereafter referred to as themagnocellular
contingent, Mc: 60% ± 5%).
In agreement with previous reports (Al-Mosawie et al., 2007;
Bretzner and Brownstone, 2013; Lundfald et al., 2007), we found
that almost all V2a neurons express the mRNA for the vesicular
glutamate transporter type 2 (Vglut2) regardless of their rostro-
caudal or medio-lateral positioning (> 95%, n = 3, Figure 1F)
and are thus exclusively excitatory. Additionally, in spite of the
medial extension of Chx10-reporter labeling seen in the rostral
medulla, we never observed co-expression with serotonergic
neurons (Tryptophane Hydroxylase [TPH] positive, 0/584 cells,
n = 4 animals, Figure 1G). We next evaluated the possibility for
co-expression of inhibitory neurotransmitters within V2a neu-
rons. Overall, and regardless of their medial or lateral localiza-
tion, V2a neurons rarely co-expressed GlyT2 (PnC: 5/164 cells,
3%; rGi: 8/258, 3%; cGi: 3/242, 1%; Mc: 2/232, < 1%, n = 2 an-
imals; Figure S2A and S2B) or GAD67 (PnC: 3/347 cells, < 1%;
rGi: 2/547, < 1%; cGi: 4/433, < 1%; Mc: 6/406, 1.5%, n = 3 an-
imals; Figures S2C and S2D). Altogether, these data indicate
that most if not all V2a brainstem neurons bear a unique glutama-
tergic phenotype.
Optogenetic Activation of V2a Brainstem Neurons Stops
Locomotor-like Activity In Vitro
To address the functional role of V2a neurons in locomotor initi-
ation or termination, we recorded locomotor-like activities by
electrophysiologically monitoring flexor-related L2 and extensor
related L5 ventral roots in in vitro brainstem-spinal cord prepara-
tions of newborn mice (Figure 2). Selective activation of V2a
neurons was achieved by expressing the light-activated Chan-
nelrhodopsin (ChR2) in Chx10+ cells (Chx10::Cre; R26ChR2-
YFP mice, Ha¨gglund et al., 2013; Figures 2 and S1). To optimally
expose reticulospinal neurons to incident light and favor their de-
polarization, the brainstem was opened along the transverse
plane—leading to an ‘‘open-book’’ preparation (Figures 2A and1192 Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc.2B)—and stimulated broadly. Under such conditions, contin-
uous light-activation of brainstem V2a neurons did not induce
any detectable changes in ventral root activity when prepara-
tions were superfused with normal Ringer solutions (naive prep-
aration; Figure 2B; n > 10).
To test for the possibility that the role of descending V2a
neurons may be revealed during ongoing locomotor-like activ-
ity, we bath-applied the minimal concentrations of neuro-
active substances N-methyl-D-aspartate (NMDA) (5–7 mM)
and serotonin (5-HT) (8–10 mM) sufficient to induce slow and
intermediate frequency, locomotor-like activity (up to
0.45 Hz; Talpalar et al., 2013; Talpalar and Kiehn, 2010). In
those conditions, light-activation of the brainstem V2a neurons
induced an immediate stopping of ongoing activity (in 8/9
preparations; Figure 2C). Upon light offset, the activity immedi-
ately resumed and the first three to five cycles exhibited a
rebound of activity. Similar rebound excitation has been seen
after the termination of a hyperpolarization driven by current in-
jection or optogenetic inhibition of spinal interneurons (Dough-
erty and Kiehn, 2010; Dougherty et al., 2013; Wilson et al.,
2005; Zhong et al., 2010), suggesting that spinal locomotor
neurons may have undergone synaptic inhibition during light
exposure.
We questioned whether the arrest of locomotor-like activity is
mediated by the recruitment of an inhibitory descending
pathway in the brainstem (Holstege, 1991) or is integrated in
the lumbar spinal cord. For this, the perfusion was separated
between the brainstem and the spinal cord at the lower
thoracic level (T8-T12) using a split-bath. This allowed blocking
glutamatergic transmission selectively in the brainstem with
4 mM of kynurenic acid (KYN), known to completely block
NMDA and AMPA/Kainate receptors at this concentration
(Ha¨gglund et al., 2010; Figure 2D). In those conditions, brain-
stem light exposure still induced an arrest of locomotor-like ac-
tivity followed by a rebound of activity (Figures 2D and 2E). This
observation indicates that the descending signal is directly
conveyed by descending excitatory V2a brainstem neurons
acting through an inhibitory network located in the lower-
thoracic or lumbar segments. Both flexor- (L2, n = 8) or
extensor- (L5) dominated ventral roots (n = 5, Figure 2D) were
similarly abolished. Finally, light-activation of brainstem V2a
neurons was efficient in suppressing neuronally evoked
locomotor-like activities (n = 4; Figures 2F and 2G). These find-
ings suggest that a population of brainstem V2a neurons pro-
vides a direct signal to the spinal locomotor networks to arrest
ongoing locomotor-like activity. We will refer to those cells as
‘‘V2a stop neurons.’’
V2a StopNeurons Act at theRhythmGenerating Layer of
the Locomotor CPG
Depression of ongoing locomotor-like activity by V2a stop neu-
rons could be mediated by tonic inhibition of the motor neurons
or by an action at the premotor neuron levels, including the
rhythm and patterning layers.
To differentiate these possibilities, we first probed the V2a
effect on lumbar motor neurons by whole-cell recordings in vitro
(Figures 3A–3D). In the absence of locomotor activity, most
motor neurons (10/16, five preparations) responded to light
Figure 1. V2a Brainstem Neurons Project to
the Lumbar Spinal Cord and Are Excitatory
(A) Bilateral injections of the retrograde marker
CTB at the 2nd lumbar segment of the spinal cord
(left). To the right is a sagittal schematic of the
brainstem indicating the approximate rostro-
caudal levels shown in the specified panels (red
arrows) where CTB-labeled neurons are detected.
(B–E) Transverse hemi-sections at the levels
indicated in (A) stained for CTB, Nissl, and V2a
neurons (Tdtomato). Right-most pictures are
magnifications of the blue boxed area; V2a retic-
ulospinal neurons appear yellow. Bar-graphs
show the average number of CTB, V2a, and dou-
ble-labeled neurons per hemisection (n = 4 ani-
mals). Error bars are SEM.
(F) Transverse hemi-section in the rGi indicating
Vglut2+ glutamatergic (red) V2a neurons (YFP).
Bar-graphs show the average percentage of
Vglut2+;V2a neurons (n = 3 animals). Insets in F0
and F0 0 are magnified views of Vglut2 expression
alone (left) andmergedwith YFP (right) of medially-
(F0 ) and laterally positioned (F0 0) V2a neurons.
White arrowheads indicate co-expression. Error
bars are SEM.
(G) Transverse hemi-sections stained for TPH and
V2a neurons (YFP). Note the absence of co-
expression (n = 4 animals).
Scale bars (in mm): (A): 500, low magnifications in
(B)–(E): 500; magnified views in (B)–(G): 200; F0 and
F0 0: 50. Abbreviations used in all figures: 10N:
dorsal motor nucleus of vagus; 12N: hypoglossal
nucleus; 4V: 4th ventricle; 7N: facial nucleus; Amb:
ambiguus nucleus; Gi: gigantocellular reticular
nucleus; GiA: gigantocellular reticular nucleus
alpha part; icp: inferior cerebellar peduncle; IO:
Inferior olive; DTg: laterodorsal tegmental nucleus;
LRN: lateral reticular nucleus; LVe: lateral vestib-
ular nucleus; Mc: magnocellular reticular nucleus;
mlf: medial longitudinal fasciculus; Mo5: motor
trigeminal nucleus; PnC: caudal pontine reticular
nucleus; py: pyramidal tract; ROb: raphe obscurus
nucleus; RMg: raphe magnus nucleus; RtTg:
reticulotegmental nucleus of the pons; s5:
sensory root of the trigeminal nerve; scp:
superior cerebellar peduncle; SLD: Sub-
laterodorsal tegmentum; SOC: Superior olivary
complex; sp5: spinal trigeminal tract; Tz: nucleus
of the trapezoid body. See also Figure S2.
Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc. 1193
Figure 2. V2a Brainstem Neurons Stop
Slow-Frequency Locomotor-like Activity
In Vitro
(A) Schematic experimental design for electro-
physiological recordings in brainstem-spinal cord
preparations from postnatal animals (0–4 days).
The area of light stimulation is shown in blue.
(B) Inset: ChR2-YFP expression in the ‘‘open-
book’’ brainstem preparation. Raw (black) and in-
tegrated signals (superimposed in yellow) of L2
ventral roots in normal Ringer solution. Light-acti-
vation of brainstem V2a neurons (blue epoch) does
not change baseline activity. The transient voltage
deflections at light onset and offset (asterisks) are
light-mediated artifacts.
(C) Similar recordings during locomotor-like activ-
ity induced with 5–7 mM NMDA and 8 mM 5-HT.
Light-activation of brainstem V2a neurons stops
ongoing locomotor-like activity.
(D) Left: the possible recruitment by V2a neurons
(green) of other inhibitory descending neurons
(gray) was blocked by applying KYN onto the
brainstem in a split-bath configuration. Right: re-
cordings of the flexor-dominated roots bilaterally
(L2, top) and of flexor and extensor (L5)-dominated
roots on the same side (bottom).
(E) Average per animal (black, n = 9) and grand
average among animals (red) of the instantaneous
frequencyandof thepercent change inamplitudeof
drug-evoked locomotor bursts before (Initial: ini.),
during light (L.), for 5 cycles following light offset
(post), and for the following 20 s (recovery: rec).
(F) Recordings of L2 roots bilaterally in the split-
bath configuration during electrical stimulation
(1Hz, D) at the first cervical segment. Vertical lines
are stimulus artifacts.
(G) Average per animal (black, n = 4) and grand-average among animals (red) of the instantaneous frequency and of the percent change in amplitude of de-
scending fiber evoked locomotor bursts.
In all panels: n.s. indicates non-significant, * indicates p < 0.05 and ** indicates p < 0.01 (paired t test); Error bars in (E) and (G) are SEM.activations by an increase in the frequency of both inhibitory and
excitatory post-synaptic events (Figure S3B). The remaining
cells showed increase in only excitatory events (2/16) or no
changes (4/16; Figure S3A). For responsive cells, the latency
from light onset to the first detectable postsynaptic excitatory
and inhibitory event was on average 70 ± 4 ms and 60 ± 9 ms,
respectively. Thus, in the absence of locomotor-like activity,
V2a neurons may mediate a mixture of excitation and inhibition
ontomotor neurons. The excitatory nature of brainstem V2a neu-
rons implies that the inhibitory connections to motor neurons are
polysynaptic, while the excitatory actionsmay include both poly-
and mono-synaptic connections (Esposito et al., 2014).
We next looked for signs of tonic inhibition of motor neurons in
response to V2a activation during locomotor-like activity. When
cells were held at intermediate potentials (40 to55 mV), most
showed rhythmic oscillations of their membrane potential lead-
ing to rhythmic spiking. In response to light, motor neurons
showed either a complete arrest (n = 4) or a significant reduction
(n = 6) in their spiking frequency (Figures 3B and 3C), indepen-
dently of the type of synaptic inputs observed before the induc-
tion of locomotor-like activity (Figure S3A and S3B). This effect
was systematically associated with the disappearance of rhyth-
mic membrane oscillations, in contrast to what is observed1194 Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc.following the direct hyperpolarization of the cell using current in-
jection, where subthreshold rhythmicity remains (Figure 3B).
When cells were recorded in voltage-clamp, light-activation
induced a loss of the rhythmic barrages of inhibitory and/or excit-
atory postsynaptic currents that are normally associated with
ongoing locomotor activity (Figure 3D). Together these observa-
tions suggest that the arrest of locomotor-like activity does not
owe to strong direct inhibition of motor neurons, but that V2a
stop neurons may depress premotor circuits.
We thus aimed at discriminating between an effect on the
rhythm and/or pattern generating circuitries (Kiehn, 2006;
McLean and Dougherty, 2015). Should the effect be primarily on
rhythm generation, V2a-driven locomotor arrest is expected to
be able to affect the frequency rather than the pattern; i.e., left-
right and flexor-extensor coordination.We therefore createdcon-
ditions where standardized V2a activations did not completely
arrest ongoing locomotor-like activity by selectively challenging
the spinal cord compartment to higher concentrations of locomo-
tor drugs (NMDA > 8 mM, 5-HT: 9–12 mM). Excitatory synaptic
transmission was simultaneously blocked in the brainstem
using a split-bath. As reported previously, higher drug concentra-
tions led to higher frequencies of locomotor-like activities
(> 0.45 Hz; Talpalar and Kiehn, 2010). In such conditions, upon
Figure 3. Light-Activation of Brainstem V2a
Neurons Depresses Rhythm-Generating
Levels of the Locomotor CPG
(A) Experimental design for labeling and whole-cell
recording of lumbar motor neurons. TMR-dex:
Tetramethyl-Rhodamine Dextran.
(B) L2 motor neuron in current-clamp during drug-
evoked locomotor-like activity. V2a neurons’ acti-
vation (bluebar) arrests both spiking andunderlying
membrane oscillations (top), while direct hyperpo-
larization of the same cell with current injection
(bottom) preserves subthreshold oscillations.
(C) Average per cell (colored rectangles, n = 10)
and grand-average among cells (bar-graphs) of
the instantaneous spiking frequencies of lumbar
motor neurons before (initial), during (Light) and
after (post-light) light-activation.
(D) Same cell as in (B) recorded in voltage-clamp.
Light-activation induces a lossof rhythmic currents.
(E-F) Average per animal (n = 5) and grand-
average among animals (red) of the instan-
taneous frequency (E) and of the percent changes
in amplitude (F) of L2 locomotor bursts on prepa-
rations facing high NMDA concentrations (> 8 mM).
* indicates p < 0.05 (paired t test).
(G) Typical L2 ventral root recording during high-
frequency locomotor-like activity (0.5 Hz). Small
rectangles below indicate the time of peak of the
control RL2 bursts (black), and their forecasted
(gray) and actual occurrences (blue) during light
activation of brainstem V2a neurons, showing a
non-graded slowing of the rhythm. Below is
plotted the corresponding instantaneous fre-
quency of RL2 bursts.
(H) L2 ventral root recording during drug-evoked
locomotor-like activity. The expected burst is
silenced (gray bar below) and the rhythm reset by
short light-pulse, as seen by the perturbed period
(p) not falling in the range of twice the initial period
(i). The graph below illustrates initial (black) and
perturbed periods (blue) for four consecutive trials.
(I) Circular plot showing the left-right (I1) or flexor-
extensor (I2) phase-relationships for individual tri-
als and for the mean preferred phase among all
trials before (Initial, black) and during (Light, blue)
light-activation. Phase values falling in the bottom-
half of the outer circles indicate alternation. There
is no significant difference between control and
light conditions (Watson-William’s test p > 0.05).
See also Figure S3 and S4.
Error bars in (C), (E), and (F) are SEM.light-activation of V2a neurons, most (4/5) preparations did not
show a complete arrest but a significant reduction in frequency
(76%± 5%of initial values) and amplitude (74%± 3%) of locomo-
tor activities (Figures 3E–3G). Therefore, those conditions of high
spinal excitability, by presumably preventing a complete locomo-
tor arrest from finite light power, reveal that V2a stop neurons can
modulate the frequency and amplitude of locomotor bursts.
Importantly, theperturbed frequencywasnot an integer of the fre-
quencyprior to the light exposure (Figure3G)and thusdidnotowe
toskippedbursts.Moreover, shorter (1–2s)pulsesof light givenat
the expected occurrence of a locomotor burst caused phase-Cresetting of locomotor rhythm (Figure 3H). Additionally, neither
left-right nor flexor-extensor coordination, the typical manifesta-
tions of pattern formation, were significantlymodified by light-ac-
tivation of brainstem V2a neurons (Figure 3I). Finally, mirroring
those findings, opto-inhibition of V2a brainstem neurons during
drug-evoked locomotor-like activity positively modulates burst
frequency and amplitude (Figure S4).
Altogether, the possibility for bidirectional modulation of loco-
motor frequency with preserved left-right and flexor-extensor
coordination indicates that V2a stop neurons act primarily on
premotor circuits involved in rhythm generation.ell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc. 1195
Figure 4. V2a Stop Neurons Reside in the
Rostral Gigantocellularis and Caudal
Pontine Reticular Nuclei
(A) Experimental set-up. The brainstem is
sectioned transversally to expose a given trans-
verse plane to the light. Red arrows on the right
indicate approximate levels of the sections per-
formed in (B)–(E).
(B-E) Simultaneous electrophysiological re-
cordings of L2 roots on either side after a section
exposing the PnC (B) and of the same preparation
after having removed the PnC (C), and the rGi (D) or
cGi (E). The ability of light stimulation to stop
ongoing locomotion is lost when only the caudal-
most medullary formation remains. The transient
voltage deflections visible on the integrated traces
at light onset and offset are light-mediated arti-
facts.
Scale bar, 500 mmV2a Stop Neurons Reside in the Rostral Medulla and
Caudal Pons
To regionally define the implicated V2a population, we sectioned
the brainstem transversally at different antero-posterior levels
and targeted photo-illuminations to the exposed plane (Figure 4).
We performed four successive cuts on the same preparation,
from the rostral to the caudal medulla. When the brainstem was
sliced near the ponto-medullary junction to expose the PnC
(Figure 4B), light activation of descending V2a neurons induced
a complete arrest of ongoing locomotor-like activity, similar to
that reported in the ‘‘open-book’’ preparations (n = 3). A similar ef-
fect was observed when the rostral (Figure 4C; n = 2) or caudal Gi
(Figure 4D; n = 2)was left intact and exposed to the light, although
a few lowamplitudeburstsoccasionally occurred in the latter con-
ditions. In contrast, after removal of the intermediate medulla,
thus exposing the caudal-most descending V2a neurons (Mc),
light exposure was unable to detectably modify the frequency
or amplitude of ongoing locomotor-like activity (Figure 4E;
n = 3). Light activation at any of those segmental levels in the
absence of locomotor drugs was unable to elicit locomotor-like
or bursting activities in the lumbar ventral roots (data not shown).
Those experiments reveal that the stop command may preferen-
tially reside in the rostral Gi andPnC, or alternatively, that a critical
number of cells is required for its functional manifestation.
Activation of Brainstem V2a Neurons Halts Locomotion
In Vivo
The isolated in vitro preparation from transgenic lines precluded
investigations of V2a activations during spontaneous quadru-1196 Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc.pedal locomotion and a refined anatom-
ical characterization of implicated cells.
To address these issues, we aimed for
activation of V2a stop neurons locally, in
freely-moving animals. We injected a
Cre-dependent AAV-DIO-ChR2-mCherry
virus bilaterally in the rGi of Chx10::Cre
animals (Figure S5) and implanted an op-
tical fiber at the midline to allow for bilat-eral illumination of transfected cells (Figure 5A). In two animals,
we collected acute brainstem slices, performed whole-cell re-
cordings of transfected cells, and verified their functional activa-
tion under synaptic isolation (Figure 5B). Three to four weeks
following viral transfection, locomotion was tested when animals
were moving in a linear corridor (Bellardita and Kiehn, 2015; Tal-
palar et al., 2013). In this assay, light-activation of transfected
V2a neurons in rGi stopped ongoing locomotion (n = 7; Figures
5C–5F; Movie S1). The complete locomotor arrest was on
average seen 140 ms from light onset, a period allowing the
ongoing step to be completed; i.e., for the dragging feet of the
forelimbs and hindlimbs to be placed aligned with the leading
feet. Animals thus reach a canonical stopping position with the
four feet on the ground (Figure 5C). This was seen independently
of the initial locomotor speed and persisted throughout the
400 ms windows of illumination (Figure 5D). Kinematic analysis
of the hindlimb joints during locomotion and the stop revealed
that the two conditions represent significantly different motor
outputs (Figures 5E–5G): the foot was placed in front of the hip
during arrest (mean angles in degrees before versus during light
stimulation [all comparisons tested with U test for circular data]:
12.5 versus 26.6, p < 0.05), the knee angle was more
extended during arrest than locomotion (75.6 versus 101.4,
p < 0.05), and the feet were flat during arrest unlike during loco-
motion (foot: 63 versus 16.8, p < 0.05).
Optical stimulation with yellow light—out of the range for acti-
vating ChR2—in the same animal or with blue light in Cre-nega-
tive animals did not produce locomotor arrest. Finally in two
animals, we targeted V2a neurons of the caudal medulla (Mc).
Figure 5. Optogenetic Activation of Brainstem V2a Neurons Halts Locomotion in Freely-Moving Mice
(A) Scaled reconstruction of the implantation and illumination range following the bilateral viral injection in the rGi.
(B) Transverse section showing mCherry expression (red) at the injection site. To the right is a mCherry+ neuron recorded in a transverse slice under synaptic
isolation.
(C) Detoured snapshots of a freely-moving Chx10::Cremouse 4 weeks post-injection before (left), during (center), and after (right) light-stimulation using pulsed
blue light. The limb angle is defined as the angle between a line joining the two hindpaws (red) or forepaws (blue), with respect to the midline of the animal.
(D) Color plot of hindlimbs’ and forelimbs’ angles 400 ms before and after light onset. The y axis represents 23 trials from seven animals. A gradient of color to red
indicates positive angle (left limb behind the right limb), to blue indicates the reverse (right limb behind left limb), and black indicates perpendicular limbs to the
body axis. In yellow are shown the 25 and 75 percentile of the distribution of the angle oscillations over time. Independently of the speed before stimulation, light
activation of transfected V2a neurons stopped ongoing locomotion and animals remained in a stereotypical position with the limb perpendicular to the body
axis (90).
(E) Kinematic representation of the relative movements of the hip, knee, ankle, and foot of one animal before (gray) and during (blue) light activation. Movements
stopped in response to light and resumed upon light offset.
(F) Evolution of the hip-foot angle (pink) as a function of time (top) and corresponding relative velocities (bottom). Light-activation led to a configuration where the
foot was kept ahead of the hip.
(G) Average (n = 7mice) of the hip-foot, knee, foot, and ankle angles 400ms before (gray) and during (blue, from 100ms to 500ms after light onset) light-activation
of V2a neurons. Asterisks indicate significant different values (p < 0.05, U test for circular data).
Error bars are 25–75 percentiles. Scale bar, 1 mm (A, B). See also Figure S5.There, light-activation did not lead to locomotor arrest. Therefore,
specific activation of rGi V2a neurons in vivo halts quadrupedal
locomotion and leads to a characteristic stopping position.
Brainstem V2a Stop Neurons Constrain the Episodic
Expression of the Locomotor Behavior
To test whether brainstem V2a stop neurons are involved in the
episodic manifestation of the exploratory locomotor behavior,
we aimed for selectively blocking their synaptic output usingCtetanus toxin light-chain (TeLC), which prevents pre-synaptic
vesicle fusion at the membrane (Schiavo et al., 1992). We
used a Cre-dependent TeLC-coding virus that efficiently blocks
action potential-evoked synaptic transmission (AAV-FLEX-
eYFP-TeLC; Murray et al., 2011), similarly to what is seen in
TeLC transgenic animals (Zhang et al., 2014). Three to fourteen
days after TeLC or saline (control group) injections in the rGi
(Figure 6A), animals’ behavior was monitored continuously for
25 min in an open-field setting. All TeLC-treated animalsell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc. 1197
Figure 6. Blocking Synaptic Output from
V2a Stop Neurons Increases Mobility
(A) Transverse brainstem section showing the
expression of an AAV1/2-FLEX-TeLC-eYFP-
WPRE virus following injection in the rGi bilaterally
in a Chx10::Cre animal.
(B) Traces of movements for 10min in an open field
test 7 days after the injection of saline (control, left)
or the TeLC virus (right).
(C) Averages from individual animals (open circles)
and grand-average among all individuals (bar-
graphs) of the percent time spent ambulating for
controls (gray, n = 5) and TeLC-treated (pink, n = 8)
subjects. Error bars are 25–75 percentiles. In all
panels *** indicates p < 0.005 (U test).
(D-F) Similar quantifications for (D) the total dis-
tance achieved while ambulating, (E) the average
velocity of ambulation, and (F) the relative number
of stops to the time spent ambulating.
(G) Snapshots of aChx10::Cremouse 9 days post-
injection of saline (control, top) or TeLC virus
(bottom) in the rGi. The control animal shown
spontaneously halts before the 3rd obstacle and
adopts a stereotypical stopping position, while the
TeLC-treated animal does not stop at any obstacle
(see also Movie S3).
(H) Summary of the probability of stop for saline-
(n = 6, black) or TeLC-injected (n = 8, pink) mice,
after 9 days. Controls stopped with higher proba-
bility on the 3rd and 4th obstacles (p < 0.05, Krus-
kal-Wallis, Bonferroni correction for multiple
comparisons) than TeLC-treated animals.
(I) Direct comparison of the probability of stop
before each obstacle between controls and TeLC
mice. AUROC index gauges the difference be-
tween conditions where 0.5 indicates no difference
while values toward zero or one indicate that the
probability curves are different. Circles indicate
significant differences (p < 0.05). See also
Figure S6.(n = 8) showed a remarkable increase of overall mobility
compared to controls (n = 5; Figure 6B; Movie S2). This bias to-
ward locomotion was manifested by a significant increase in
the relative time the animals spent moving (Figure 6C), indica-
tive of a perturbed ability to reach and maintain immobility.
Consequently, treated animals traveled for longer distances
during the recording sessions (Figure 6D) with a higher average
locomotor speed (Figure 6E). The number of stops to the time
spent moving in TeLC-treated animals decreased to almost
one-fourth of controls (Figure 6F). These effects were also
seen in individual animals and developed over time (Fig-
ure S6A). Importantly, locomotor kinematic analysis showed
that the impaired ability to stop was not due to changes in
the overall locomotor capability (Figure S6B).
In sum, those observations suggest that V2a stop neurons
may be normally mobilized during exploratory behavior to favor
and maintain locomotor arrest and thus regulate the episodic
nature of locomotion.1198 Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc.To further characterize the impaired ability for stopping in
TeLC-treatedanimals and relate it to anatural behavior,wedevel-
oped an assay that reveals natural and predictable stop events in
wild-typemice and scored thedeficiencies uponTeLC treatment.
For this, four obstacles of increasing heights were spaced at reg-
ular intervals in a linear corridor. Control animals (n = 6) typically
ran over the first obstacle but showed increased stopping proba-
bility as they progressed to the following higher obstacles, and
most did not overcome the last obstacle (Figures 6G and 6H;
MovieS3). The spontaneous locomotor arrest was typically asso-
ciated with a limb configuration reminiscent of the one evoked by
the optogenetic stimulation of V2a stop neurons; i.e., the foot
placed in front of the hip, and hindlimbs and forelimbs perpendic-
ular to thebody axis (Figure 6G). TeLC-treatedanimals (n = 8) per-
formedsimilarly as controlswhen tested3dayspost-injectionbut
subsequently showed increased inability to stop (Figures 6I and
S6C). After 9 days, TeLC-treated animals did no longer stop
before the obstacles (Figures 6G–6I, Movie S3). Therefore,
Figure 7. V2a Stop Neurons Terminate
Predominantly in Lamina VII of the Lumbar
Spinal Cord
(A) Bilateral injections of a Cre-dependent AAV-
hChR2-mCherry-virus (middle: red; right: black) in
the rGi of Chx10::Cre animals.
(B) Transverse L2 spinal cord section of the same
animal showing transfected V2a processes (black
on the left, red on the right). Rexed’s laminae are
delineated using ChAT and Nissl staining.
(C-D) Quantification in one animal of the number
(C) or the percent (D) of fluorescent pixels in each
lamina at the upper (T13-L1-L2), intermediate
(L3-L4), and caudal (L5-L6) lumbar levels.
(E) Magnified view of the descending V2a inner-
vation (red) in the vicinity of ChAT+ motor neurons
(green).
(F, G) Similar anterograde labelings on a
Chx10::Cre; GlyT2-GFP (E) or Chx10::Cre; Vglut2-
GFP animal (F) showing putative V2a contacts
(red) onto glycinergic and glutamatergic neurons,
respectively.
(H) Percent of glycinergic (232 cells), gluta-
matergic (105 cells), and motor neurons somatas
(124 cells) exhibiting no (green) or more than one
(red) putative V2a contact.
Scale bars (in mm): (A): 1000, (B): 500, (E): 200,
(F, G): 25, insets in (F,G): 5; Error bars in (C) and (D)
are SEM; See also Figure S7.blocking synaptic output fromV2a neurons dramatically compro-
mised animals’ ability to naturally arrest their locomotion.
Brainstem V2a Stop Neurons Terminate in the CPG Area
and Contact Inhibitory and Excitatory Neurons in the
Spinal Cord
Those experiments suggest that V2a stop neurons in the rGi halt
ongoing locomotion and may gain their effect by inhibiting
rhythm generating circuits in the spinal cord. To start addressing
this issue, we performed anterograde labeling of V2a stop
neurons (bilateral injections of AAV-DIO-ChR2-mCherry in the
rGi) and followed their axonal termination in the lumbar spinal
cord (Figures 7 and S7). We found extensive mCherry+ fiberCell 163, 1191–1203, Notracts in the lateral and ventral funiculi
(Figures 7B and S7B). Lamina VII—where
locomotor related neurons have been
described (Goulding, 2009; Grillner and
Jessell, 2009; Kiehn, 2006; McLean and
Dougherty, 2015)—was the most abun-
dantly and densely innervated, followed
by laminae VIII and X (Figures 7C and
7D). Innervation was more moderate in
lamina IX containing motor neurons and
virtually absent from dorsal laminae
(I–VI). A comparable innervation pattern
was detected at upper (T13-L1-L2), inter-
mediate (L3-L4) and caudal (L5-L6) lum-
bar segments. We next tested whether
V2a descending connectivity shows pref-
erential innervation to excitatory versusinhibitory neurons in ventral (VII to X) laminae. We detected a
similar fraction of inhibitory glycinergic (GlyT2-GFP; Figure 7F)
and excitatory (Vglut2-GFP; Figure 7G) neurons receiving one
or more putative somatic synaptic contacts (Figure 7H). In
contrast, most motor neurons showed no putative somatic con-
tacts. Thus, V2a stop neurons may act onto spinal inhibitory cir-
cuits both directly and indirectly via excitatory relays.
DISCUSSION
Methodological Considerations
The function of brainstem V2a neurons in locomotor arrest is
clearest when analyzed on locomotor-like activity in vitro, andvember 19, 2015 ª2015 Elsevier Inc. 1199
we provide numerous evidences for a functionally analog effect
in vivo. Activities recorded in the in vitro rodent preparations at
early postnatal stages and their perturbations following experi-
mental interferences were previously shown to reliably forecast
the consequences on limbed locomotion at later developmental
stages (Andersson et al., 2012; Bellardita andKiehn, 2015; Crone
et al., 2008; Crone et al., 2009; Kullander et al., 2003; Talpalar
et al., 2013; Zhang et al., 2014). Here, we extend this reasoning
to long-range, descending projections. A potential limit may
have resided in the unequal maturity of descending systems in
the newborn animal. Nevertheless, the consistency of our
in vitro and in vivo observations suggests that V2a descending
projections, similar to the caudal glutamatergic (Ha¨gglund
et al., 2010) and serotonergic ones (Liu and Jordan, 2005), are
functionally established and incorporated in the locomotor
network at birth.
A concern that may be raised with optogenetic activation is
that over-activation may cause a depolarizing block of the tar-
geted neurons. The consequences of light-activation of ChR2-
expressing V2a neurons could therefore be due to a suspension
rather than a gain of their functional output. Importantly, all our
experiments employed an approach with minimal light intensity,
below which no response could be observed. Second, we never
observed an initial excitatory signature followed by decreased
activity. Third, when the same neuronal population was made
to express the inhibitory opsin NpHR, light-exposure produced
an acceleration of locomotor-like activity, a finding making it
unlikely that the locomotor cessation observed in the ChR2
experiments is due to impaired firing of those neurons. Finally,
stopping-deficiencies were seen with non-optogenetic silencing
of V2a neurons (TeLC-mediated). Those observations are indic-
ative that our strategy allows for a valid manipulation of V2a
neuronal activity.
V2a Stop Neurons Constitute an Excitatory Pathway
Optimally Tuned for Locomotor Arrest
The most significant finding reported here is that activation of
V2a neurons of the rostral medulla/caudal pons stops ongoing
locomotor activity. In accordance with previous reports (Bretz-
ner and Brownstone, 2013; Kimura et al., 2013), we found V2a
neurons to be exclusively glutamatergic. They thus represent a
unique contingent that diverges from other excitatory descend-
ing systems, thought to favor excitability (Dubuc et al., 2008;
Ha¨gglund et al., 2010; Perreault and Glover, 2013; Sivertsen
et al., 2014). Importantly, our split-bath experiments in vitro indi-
cate that the V2a descending command is integrated in the
spinal cord. The dispensable nature of inhibitory reticulospinal
neurons for locomotor arrest stands as a major finding consid-
ering the abundance of the latter (Esposito et al., 2014; Holstege,
1991). A significant example is that of muscular atonia seen dur-
ing REM sleep, driven by inhibitory reticulospinal neurons, them-
selves activated by the glutamatergic sublaterodorsal tegmental
nucleus in the pons (SLD; Lu et al., 2006; Luppi et al., 2011).
Although the SLD also sends direct excitatory projections to
the spinal cord (Vetrivelan et al., 2009), we found it to be non-
V2a (Figure 1B). Together with the absence of evident muscular
atonia in vivo, which is due to complete loss ofmuscle tone (Cag-
giano et al., 2014; Luppi et al., 2011), those observations exclude1200 Cell 163, 1191–1203, November 19, 2015 ª2015 Elsevier Inc.a prominent contribution of sleep-related descending pathways
in our study. However, we cannot exclude that inhibitory reticu-
lospinal neurons, should they be recruited by V2a stop neurons
in the intact animal, may have a subsidiary role in driving locomo-
tor arrest. Finally, our in vivo kinematic analysis suggests that the
V2a-driven locomotor arrest differs from the defensive freezing
behavior, which retains immobilization through pronounced co-
contraction of muscles (Branda˜o et al., 2008; Yilmaz and Meis-
ter, 2013).
Our findings share similarities with works in cats (Takakusaki
et al., 2003) where electrical stimulations in the dorsal tegmental
field (pons) or lateral Gi evoked locomotor arrest associated with
severe decrease in muscle tone due to inhibition of motor neu-
rons. However, the low specificity of the electrical stimulation
and the lack of transmitter characterization prevent a clear esti-
mate of the putative overlap. Nevertheless, the functional anal-
ogy may point to a phylogenetic-determined system ensuring
all forms of locomotion be controlled by a versatile command
systemwith a built-in circuitry dedicated to constrain its termina-
tion, and thus its obligatory episodic nature.
Brainstem V2a Stop Neurons Arrest Locomotor Rhythm
Generation
Weprovide strong evidence that the V2a-mediated locomotor ar-
rest is due to a direct depression of premotor circuits, including in
particular those governing rhythm generation. First, although
activation of V2a brainstem neurons has both excitatory and
inhibitory effects onmotor neurons in the absence of locomotion,
there is no sign of strong tonic inhibition during the locomotor ar-
rest. Second, ongoing locomotor frequency can be modulated
without changing left-right or flexor-extensor coordination
when increased spinal excitability prevents a complete stop.
This is reminiscent to what we reported recently upon selective
silencing of candidate rhythm-generating neurons in the isolated
spinal cord (Dougherty et al., 2013). The effect on amplitude
modulation may be secondary to the effect on rhythm generation
and/or imply additional effects on downstream interneurons.
Moreover, a selective inhibition of pattern-generating layers has
been associated with a quantal slowing of themotor bursts (Feld-
man and Kam, 2014) and non-resetting deletions (McCrea and
Rybak, 2008), two signatures opposite from our findings. Thus,
those observations are in line with a primary impact on rhythm
generating layers within the locomotor network (Kiehn, 2006;
McLean and Dougherty, 2015). This may allow to selectively
arrest the behavior while preserving muscle tone.
The most obvious mechanisms imply the recruitment of spinal
inhibitory neurons either directly, or indirectly via local excitatory
neurons. Although our study did not examine specifically those
targets, the dense innervation found in intermediate and ventral
laminae is not overlapping with the location of Ia neurons (Hult-
born et al., 1976) or Renshaw cells (Alvarez and Fyffe, 2007),
making these populations less likely candidates for the inhibition.
Lumbar commissural neurons have been shown to receive
excitatory inputs from the brainstem (Szokol et al., 2011), but
the preserved left-right coordination upon light-stimulation
also suggests that these are not main actors in our study.
Finally, the manifestation of the locomotor arrest in vivo on
both fore- and hindlimbs suggests that V2a stop neurons
innervate both cervical and lumbar segments, as shown with
anterograde labeling of transmitter unspecified Gi neurons
(Liang et al., 2015).
Previous studies in zebrafish have shown that caudal-most
brainstem excitatory V2a neurons initiate and maintain swim-
ming activity (Kimura et al., 2013). In agreement with Bretzner
and Brownstone (2013), we were unable to observe any locomo-
tor promoting effects from stimulating the caudal-most brain-
stem V2a neurons in vitro. However, stimulating broadly all
excitatory neurons of the caudal brainstem does initiate epi-
sodes of locomotor-like activity (Ha¨gglund et al., 2010). There-
fore, brainstem neurons providing a locomotor-initiating signal
may be non-V2a in mice, and/or the abundance of V2a stop neu-
rons and fibers may hinder selective manipulation of the putative
locomotor-initiating ones. Further investigations using genetic
manipulations of projection specific cell types will undoubtedly
help tackle this ambiguity.
Behavioral Activation of V2a Stop Neurons
Interestingly, a unique firing pattern that correlates with the offset
of swimming has been identified in lamprey reticulospinal
neurons (Juvin and Dubuc, 2009). A similar functional signature
has not yet been reported in mice. Further recordings taking
advantage of the molecular signature described here will rapidly
help address this question. Nevertheless, the deficiency in stop-
ping we described upon V2a silencing indicates that those cells
may be spontaneously mobilized during exploratory locomotor
behavior to arrest it when needed. This descending stop signal
may act in parallel to those initiating and controlling the speed
of ongoing locomotion. When an active stop is needed the V2a
neurons may be brought into action to arrest locomotion while
maintaining an optimized posture to avoid collapse.
EXPERIMENTAL PROCEDURES
Mice Lines
All experiments were approved by the local ethical committee. The
following transgenic lines were used: Chx10::Cre (kindly provided by S.
Crone, K. Sharma, L. Zagoraiou, and T.M. Jessell, see Azim et al., (2014),
GlyT2-GFP (Zeilhofer et al., 2005), GAD67-GFP (Tamamaki et al., 2003), Ro-
sa26FloxedSTOP-YFP or Rosa26FloxedSTOP-Tdtomato, Rosa26-CAG-LSL-
eNpHR3.0-EYFP-WPRE, and Rosa26-CAG-LSL-ChR2-EYFP-WPRE (all
from the Jackson Laboratories).
Retrograde Labeling and Neurotransmitter Phenotyping
Chx10::Cremice were crossed with a conditional reporter line (Rosa26FlxYFP or
Rosa26FlxTdtomato) and occasionally with a GlyT2-GFP or GAD67-GFP line.
CTB was injected bilaterally in the L2 spinal segment on 1–2 month old ani-
mals. Additional information on the injection procedure, in situ hybridization,
immunohistochemistry, and anatomical quantifications are found in the Sup-
plemental Experimental Procedures.
In Vitro Recording of Locomotor-Like Activity and Optogenetics
Pups (0–4 days) were anaesthetized with isoflurane, decerebrated above the
ponto-medullary junction (thus preserving the PnC), and the spinal cord and
brainstem were isolated in Ringer solution and transferred to a recording
chamber. Locomotor-like activity was recorded with suction electrodes
attached to the L2 and/or the L5 lumbar roots as previously reported.
NMDA and 5-HT were bath-applied to induce locomotor-like activity. Neuro-
nally evoked locomotor-like activity was elicited by electrical stimulation of
the midline in upper cervical segments (Dougherty et al., 2013; TalpalarCand Kiehn, 2010). Light from a 100 W Hg lamp was filtered by 450–490 nm
or 536–556 nm band-pass filters for ChR2 and eNpHR, respectively,
and directed onto the preparation via a 53 objective. Details, including
motor neuron recordings, are found in the Supplemental Experimental
Procedures.
In Vivo Optogenetic and Genetic Silencing Experiments
Viral Injections and Ferrule Implantation
Chx10::Cre animals aged 1–2 months were used, and 600 nl of an AAVDj-
EF1a-DIO-hChR2-p2A-mCheery-WRPE or 300 to 700 nl of an AAV1/2-
FLEX-TeLC-eYFP-WPRE virus (Murray et al., 2011) were injected in the rGi
bilaterally (6.0 from Bregma, Lat: 0.5, D/V: 4.0). In the same surgery, an
optical fiber (200 mm core, 0.22 NA, Thorlabs) held in a 1.25 mm ferrule was
implanted medially (depth 3.5 mm).
Optogenetic Stimulations
Light from a 473 nm laser (Optoduet, Ikecool Corporation) was delivered in
trains of pulses (Master 8, AMPI) of 10–20 ms pulse duration, 20–40 Hz fre-
quencies, and train durations of 0.5–1 s. The intensity of the laser was set prior
to the experiment at the lowest intensity sufficient to stop locomotion (typically
5–30 mW).
Behavioral Tests
For acute optogenetic activations, mice were running spontaneously in a linear
corridor (MotoRater, TSE Systems), and the locomotor behavior was recorded
as described in Bellardita and Kiehn, (2015). For chronic silencing tests in the
open field, mice were placed in a square Plexiglas box (45 3 45 cm); the first
30 min were considered for acclimatization and the next 25 min for the
analysis. In a series of silencing experiments, we utilized the linear corridor
supplemented with four obstacles of increasing height. Videos were analyzed
using scripts written inMatlab (Mathworks) and R (www.r-project.org/). Details
are found in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2015.10.074.
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